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INHIBITORS OF THE MAP KINASE PATHWAY 



Field of the Invention 

This invention relates to the development and use of human therapeutics 
that inhibit intracellular signaling via the MAP kinase pathways. 



1 0 Background of the Invention 

The evolutionarily conserved Ras-MAPK signaling network regulates 
diverse biological processes such as cell proliferation, differentiation, migration, 
and survival. Many of the regulators and effectors within this network have been 
implicated in diverse pathological processes, MAP kinases and their targets have 

1 5 been identified as, for example, potent oncogenes or tumor suppressor genes and 
proinflammatory mediators. 

Normally, the MAPK network is activated when growth factors or 
hormones bind to cell surface receptors. The extracellular signal is amplified and 
converted into an appropriate biological response. However, dysfunction of any 

20 component of the signaling pathway may result in a pathological condition. 

Cancer, for example, is a disease marked by the uncontrolled growth of abnormal 
cells. Cancerous cells have overcome the barriers imposed in normal cells, which 
have a finite lifespan, and grow indefinitely. As the growth of cancer cells 
continues, genetic alterations can accrue and persist so that the cancerous cell 

25 displays increasingly aggressive growth phenotypes. If left untreated, metastasis, 
the spread of cancer cells to distant areas of the body by way of the lymph system 
or bloodstream, may ensue, destroying healthy tissue and, ultimately, leading to 
death. 
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According to a recent American Cancer Society study, at least 1,268,000 new 
cancer cases are expected to be diagnosed in the United States in any given year. 

However in cancer cells, mutations in upstream activators of MAPK, such 
as Ras or Raf, lead to constitutive signaling even in the absence of growth factors. 

5 Constitutively activating mutations in Ras are detected in at least 30% of all 
human malignancies but are present in especially high levels in colon (50%) and 
pancreatic cancers (90%). The activation kinetics of the ERK1/2-MAPK signaling 
pathway have also been associated with distinct biological outcomes. In 
fibroblasts, sustained ERK1/2 activation over several hours induces entry into S 

10 phase of the cell cycle while transient (20-30 min) activation does not. 

In various cell types, the ERK1/2 pathway also has a critical role in 
regulation of nucleotide biosynthesis, transcription, migration, cell survival, 
differentiation and adaptive responses. Specifically, ERK signaling can control 
cardiomyocyte cell growth and the response to ventricular heart failure, cell 

15 survival in atherosclerosis, various metabolic processes such as glucose uptake, 
protein synthesis and leptin signaling, regulation of the immune response such as 
in T cell activation and inflammatory cytokine signaling, and mediating the effect 
of neurotransmitters that control memory and behavior. ERK signaling also can 
control the induction of genes that are required for establishing circadium rhythms. 

20 Accordingly, small molecule drugs that can selectively inhibit regulatory 

proteins within the ERK1/2-MAPK pathway have enormous therapeutic potential. 
General MAPK inhibitors, however, are likely to be toxic due to the many 
metabolic and proliferative functions regulated by this pathway in healthy cells. 
ERK1/2 specifically recognizes some physiological substrates through the 

25 presence of ERK1/2 docking sites in substrates (Jacobs et aL, 1999; Tanoue et a/., 
2000). At least two classes of docking site have been identified and are known as 
the D-box and DEF domain. 
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Substrate docking directs ERK1/2 to phosphorylate specific amino acids 
known to regulate the biological function of the substrate. Interaction of ERK1/2 
with the D-box docking site is required for ERK's initial activation by MEK, as 
well as its inactivation by phosphatases (Tanoue et al, 2000). By contrast, the 
5 DEF domain appears to be mainly found in downstream targets of ERK1/2 (Jacobs 
et al., 1999). 

Summary of the Invention 

We have discovered that MAP kinases (e.g., extracellular signal-regulated 
10 kinase 1/2 (ERK1/2)), bind to certain target proteins (e.g., immediate early gene 
(DBG) products) through a DEF domain. This specific binding interaction results 
in the phosphorylation of target residues and a resulting biological effect (e.g., 
progression through the cell cycle). Blocking the binding events we have 
identified allows treatment of a variety of human diseases where the interaction of 
15 MAP kinases with the DEF domain of the target proteins has a causative biological 
effect. 

Accordingly, in one aspect, the present invention provides for a method of 
identifying therapeutic compounds that affect the MAP kinase-DEF domain 
interaction. The method consists of the steps of: (i) providing test cells that 
20 express a target protein having a DEF domain and a MAP kinase, and are capable 
of progressing through the cell cycle; (ii) culturing the test cells in the presence of 
a growth factor, cytokine, tumor promoter, or oncogene under conditions that 
activate the MAP kinase; (iii) contacting the test cells -with the candidate 
compound; (iv) assessing the binding of said MAP kinase to the DEF domain of 

» 

25 the target protein relative to the binding in the absence of said candidate 

compound, wherein a candidate compound that inhibits the binding is identified as 
a therapeutic compound. Desirably, the test cells are mammalian; most desirably 
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human. Suitable test cells include, for example, a primary cell line, an 
immortalized cell line, or a tumor cell line. Fibroblasts (e.g., NIH 3T3 cells) are 
particularly useful test cells, but any mammalian cell type can be used because 
BEGs are ubiquitously expressed. Useful growth factors, cytokines, tumor 

5 promoters, and oncogenes include, for example, epidermal growth factor (EGF) 
and EGF-related factors including, for example, transforming growth factor a 
(TGFa), heparin-binding-like EGF, heregulin, amphiregulin, epiregulin, cripto, 
platelet derived growth factor (PDGF), including PGDF-AA, PGDF-BB, and 
PGDF -CC, insulin, insulin-like growth factors (IGFs), fibroblast growth factors 

10 (FGFs), colony stimulating factor (CSF), and heaptocyte growth factor (HGF). 
Useful cytokines include, for example, the chemokines, interleukins, and 
lysophosphatidic acid (LP A). Useful tumor promoters include, for example, 
phorbol esters, phosphatase inhibitors such as okadaic acid, microcystin, vanadate, 
hydrogen peroxide, and calyculin A. Useful oncogenes include, for example, 

15 Erb2/neu, sis, kit, Ras, Raf, PI3-kinase, and PTEN. Epidermal growth factor 
(EGF) and platelet-derived growth factor (PDGF) are particularly useful growth 
factors. In other embodiments in which the target protein is c-Fos, the binding of 
the MAP kinase to c-Fos is assessed by measuring the phosphorylation of T325 or 
T33 1 . Preferably, this is performed using a phospho-T325-specific antibody. 

20 In another aspect, the invention provides a method for identifying a 

therapeutic compound by (i) providing a sample that contains a polypeptide having 
a DEF domain, a MAP kinase, and a candidate compound, (ii) contacting the target 
protein, the MAP kinase, and the candidate compound, and (iii) assessing the 
binding of the MAP kinase to the DEF domain of the target protein in the sample 

25 in the presence of the candidate compound relative to binding in the absence of the 
candidate compound, wherein a compound that inhibits binding of the MAP kinase 
to the target protein is identified as a therapeutic compound. In desirable 
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embodiments, the target protein further contains a fluorescent moiety (e.g., 
fluorescein). 

In preferred embodiments of the previous two aspects, the MAP kinase is 
ERK1/2. In other desirable embodiments, the target proteins are members of the 

5 Fos, Jun, and Myc family proteins. Specifically, desirable target proteins include 
c-Fos, Fra-1, Fra-2, cMyc, N-Myc, JunD, JunB, c-Jun, in addition to Egr-1 and 
mPer 1 . In one embodiment, the target protein contains the sequence of a protein 
identified in Table 1 or 2 and the identified therapeutic is useful for treating 
cancer. In another embodiment, the target protein contains the sequence of a 

10 protein identified in Table 3 and the identified therapeutic is useful for treating a 
cardiovascular disease. In another embodiment, the target protein contains the 
sequence of a protein identified in Table 4 and the identified therapeutic is useful x 
for treating an inflammatory disorder. In another embodiment, the target protein 
contains the sequence of a protein identified in Table 5 and the identified 

15 therapeutic is useful for treating a metabolic disorder. In another embodiment, the 
target protein contains the sequence of a protein identified in Table 6 and the 
identified therapeutic is useful for treating a neuropathy or a behavioral disorder. 
In another embodiment, the target protein contains the sequence of a protein 
identified in Table 7 and the identified therapeutic is useful for treating a sleep 

20 disorder. In other embodiments, the target protein contains a DEF domain having 
the amino acid sequence F/Y-X-F/Y-X (SEQ ID NO: 28), preferably the sequence 
is F/Y-X-F/Y-P (SEQ ID NO: 29), more preferably the sequence is F-X-F-P (SEQ 
ID NO: 1). Assessment of target residue phosphorylation is desirably performed 
using a phospho-specific antibody. 

25 In another aspect, the invention provides a method for treating cancer in a 

mammal (e.g., human) by administering a therapeutically effective amount of a 
compound that inhibits the binding of a MAP kinase to the DEF domain of a target 
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protein. Preferably, the MAP kinase is ERK 1/2, and the target protein is a 
member of the Fos, Jun, and Myc family proteins including, for example, c-Fos, 
Fra-1, Fra-2, cMyc, N-Myc, JunD, JunB, and c-Jun. Alternatively, the target 
protein is one identified in Tables 1 or 2. Alternatively, the compound inhibits the 

5 binding of a MAP kinase to a DEF domain having the amino acid sequence F/Y- 
X-F/Y-X (SEQ ID NO: 28), preferably the sequence is F/Y-X-F/Y-P (SEQ ID NO: 
29), more preferably the sequence is F-X-F-P (SEQ ID NO: 1). 

In another aspect, the invention provides a method for treating a 
cardiovascular disease in a mammal (e.g., human) by administering a 

10 therapeutically effective amount of a compound that inhibits the binding of a MAP 
kinase to the DEF domain of a target protein. Preferably, the MAP kinase is ERK 
1/2, and the target protein is one identified in Table 3. Alternatively, the 
compound inhibits the binding of a MAP kinase to a DEF domain having the 
amino acid sequence F/Y-X-F/Y-X (SEQ ID NO: 28), preferably the sequence is 

1 5 F/Y-X-F/Y -P (SEQ ID NO: 29), more preferably the sequence is F-X-F-P (SEQ ID 
NO: 1). 

In another aspect, the invention provides a method for treating an 

i 

inflammatory disorder in a mammal (e.g., human) by administering a 
therapeutically effective amount of a compound that inhibits the binding of a MAP 

20 kinase to the DEF domain of a target protein. Preferably, the MAP kinase is ERK 
1/2, and the target protein is one identified in Table 4. Alternatively, the 
compound inhibits the binding of a MAP kinase to a DEF domain having the 
amino acid sequence F/Y-X-F/Y-X (SEQ ID NO: 28), preferably the sequence is 
F/Y-X-F/Y-P (SEQ ID NO: 29), more preferably the sequence is F-X-F-P (SEQ ID 

25 NO: 1). 
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In another aspect, the invention provides a method for treating a metabolic 
disorder in a mammal (e.g., human) by administering a therapeutically effective 
amount of a compound that inhibits the binding of a MAP kinase to the DEF 
domain of a target protein. Preferably, the MAP kinase is ERK 1/2, and the target 

5 protein is one identified in Table 5. Alternatively, the compound inhibits the 
binding of a MAP kinase to a DEF domain having the amino acid sequence F/Y- 
X-F/Y-X (SEQ ID NO: 28), preferably the sequence is F/Y-X-F/Y-P (SEQ ID NO: 
29), more preferably the sequence is F-X-F-P (SEQ ID NO: 1). 

In another aspect, the invention provides a method for treating a neuropathy 

10 or a behavioral disorder in a mammal (e.g., human) by administering a 

therapeutically effective amount of a compound that inhibits the binding of a MAP 
kinase to the DEF domain of a target protein. Preferably, the MAP kinase is ERK 
1/2, and the target protein is one identified in Table 6. Alternatively, the 
compound inhibits the binding of a MAP kinase to a DEF domain having the 

15 amino acid sequence F/Y-X-F/Y-X (SEQ ID NO: 28), preferably the sequence is 
F/Y-X-F/Y-P (SEQ ID NO: 29), more preferably the sequence is F-X-F-P (SEQ ID 
NO: 1). 

In another aspect, the invention provides a method for treating a sleep 
disorder in a mammal (e.g., human) by administering a therapeutically effective 

20 amount of a compound that inhibits the binding of a MAP kinase to the DEF 

domain of a target protein. Preferably, the MAP kinase is ERK 1/2, and the target 
protein is one identified in Table 7. Alternatively, the compound inhibits the 
binding of a MAP kinase to a DEF domain having the amino acid sequence F/Y- 
X-F/Y-X (SEQ ID NO: 28), preferably the sequence is F/Y-X-F/Y-P (SEQ ID NO: 

25 29), more preferably the sequence is F-X-F-P (SEQ ID NO: 1). 
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Particularly useful DEF domain inhibitors for any of the therapeutic 
methods are polypeptides having the sequence FAT — X — FAT — X (SEQ ID NO: 
28; "naked DEF domains") and chimeric proteins that contain a DEF domain 
inserted into a non-target protein. In preferred embodiments, the DEF domain has 

5 the sequence F/YOC-F/Y-P (SEQ ID NO: 29), more preferably the sequence is F- 
X-F-P (SEQ ID NO: 1). The most desirable chimeric proteins are based on non- 
target proteins that affect the pharmacokinetic or pharmacodynamic properties 
• compared to administering the naked DEF domain alone. For example, DEF 
domains may be incorporated into serum albumin or cereloplasmin. 

10 The compound is administered in an amount, frequency, and duration that is 

therapeutically effective for treating the diagnosed condition. Desirably, the 
compound is administered in an amount between 0.01 and 3000 mg/day, more 
preferably, in an amount between 0. 1 and 2000 mg/day, either orally or by 
injection (i.e., intravenous, intramuscular, or subcutaneous). Alternatively, the 

15 compound can be administered as a 0.5% to 25% topical formulation. 

Therapy may be provided in any appropriate location: at home, the doctor's 
office, a clinic, a hospital's outpatient department, or a hospital. Treatment 
generally begins at a hospital so that the doctor can observe the therapy's effects 
closely and make any adjustments that are needed. The duration of the therapy 

20 depends on the condition being treated, the age and condition of the patient, the 
stage and type of the patient's disease, and how the patient's body responds to the 
treatment. Drug administration may be performed at different intervals (e.g., daily, 
weekly, or monthly). 

In another aspect, the invention provides an antibody that specifically binds 
25 to phospho-T-325 c-Fos. The antibody may be monoclonal or polyclonal. 
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In another aspect, the invention provides a pharmaceutical formulation that 
contains a therapeutic compound identified by either of the first two aspects of the 
invention, and a pharmaceutically acceptable carrier. The pharmaceutical 
formulation may be suitable for oral administration, injection, or topical 
5 application. 

By "specifically binds to phospho-T-325 c-Fos," when referring to the 
antibodies of this invention, is meant an antibody that binds with high affinity 
(<10" 8 M) to native c-Fos in which the threonine at amino acid position 325 is 
phosphorylated, but does not significantly bind to c-Fos in which the T325 is 

1 0 unphosphorylated. Desirably, the difference in specificity of antibody binding 
between phospho-T-325 c-Fos and the unphosphorylated form is at least 5-fold, 
10-fold, 25-fold, 50-fold, 100-fold, or 1000-fold. 

By "DEF domain" is meant a polypeptide having the amino acid sequence: 
F/Y— Xr— F/Y— X 2 (SEQ ID NO: 28), wherein F is phenylalanine, Y is tyrosine, 

15 P is proline, and Xx and X 2 are any naturally-occurring or non-naturally-occurring 
amino acids. Desirably, X 2 is proline. 

By "target protein" is meant any protein that contains a DEF domain 
capable of binding a target kinase (e.g., a MAP kinase). Desirable target proteins 
are phosphorylated by the MAP kinase ERK1/2 following ERK1/2 binding to the 

20 DEF domain. Target proteins include, for example, gene products of the 

immediate early genes from the Fos, Myc, and Jun families, proteins identified in 
Tables 1-7, or chimeric or synthetic proteins into which a DEF domain has bee 
inserted by artifice. Specific target proteins include, for example, c-Fos, Fra-1 , 
Fra-2, cMyc, N-Myc, JunD, JunB, c-Jun, Egr-1, and mPerl. 
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By "target residue(s)" is meant one or more residues of a target protein that 
are N-terminal to the DEF domain and that are phosphorylated as a result of the 
binding of a MAP kinase. Target residues include, for example, T325 and T331 of 
c-Fos. This phosphorylation event is also termed a "DEF domain-dependent 
5 phosphorylation." 

By "primed," when referring to a target protein, is meant a phosphorylation 

♦ 

event that makes a DEF domain available for binding of a MAP kinase. Thus, the 
amino acid residues that are the subject of a "priming" modification are not the 
same as the target residues. For example, c-Fos is primed when S362 and/or S374 

10 are phosphorylated or substituted for aspartate or glutamate. 

By "target kinase" is meant a protein kinase that is capable of binding a 
DEF domain and phosphorylating a target residue. Target kinases include the 
MAP kinases such as ERK1/2, for example. Thus, an "activated target kinase" is 
one that itself has undergone a post-translational modification causing an increase 

15 in kinase activity and/or inducing a change in subcellular localization. For 

example, in order to be fully activated and translocated from the cytoplasm to the 
nucleus, ERK1/2 is phosphorylated. 

By "DEF domain inhibitor" is meant any chemical compound (i.e., 
polypeptide or non-peptide) that inhibits the interaction of a target kinase (i.e., 

20 ERK1/2 or RSK) with the DEF domain of a target protein. 

The term "assessing the binding of a MAP kinase to a DEF domain," is 
meant to include any appropriate binding or biochemical assessment which may be 
either qualitative or quantitative. This term specifically includes, for example, 
directly assessing the interaction of the MAP kinase and the DEF domain. 

25 Alternatively, assays that measure biochemical outcomes of a MAP kinase - DEF 
domain binding event are useful. These assays include, for example, measuring 
the amount of DEF domain-dependent phosphorylation. 
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As exemplified in detail below, the phosphorylation of T325 and/or T331 of c-fos 
is dependent upon this binding event. 

By "cancer" is meant neoplastic cells multiplying in an abnormal manner. 
In a cancer, growth is uncontrolled and progressive, and occurs under conditions 

5 that would not elicit, or would halt the multiplication of non-cancerous cells. 

i 

Cancer includes, for example, leukemias and lymphomas (Hodgkin's disease, non- 
Hodgkin's disease), as well as solid tumors such as sarcomas and carcinomas (e.g., 
fibrosarcoma, liposarcoma, osteogenic sarcoma, colon carcinoma, pancreatic 
cancer, breast cancer, ovarian cancer, prostate cancer, squamous cell carcinoma, 

10 basal cell carcinoma, adenocarcinoma, renal cell carcinoma, hepatoma, bile duct 
carcinoma, Wilm's tumor, cervical cancer, uterine cancer, testicular cancer, small 
and/or non-small cell lung carcinoma, bladder carcinoma, epithelial carcinoma, 
glioma, astrocytoma, medulloblastoma, schwannoma, meningioma, melanoma, 
neuroblastoma, and retinoblastoma. 

15 By "treating cancer" is meant a therapy that measurably slows, stops, or 

reverses the growth rate of the cancer (i.e., neoplastic cells) in vivo. Desirably, a 
slowing of the growth rate is by at least 20%, 30%, 50%, or even 70%, as 
determined using a suitable assay for determination of cell growth rates (e.g., a cell 
growth assay described herein). Typically, a reversal of growth rate is 

20 accomplished by initiating or accelerating necrotic or apoptotic mechanisms of cell 
death in the neoplastic cells, resulting in a shrinkage of the neoplasm. Efficacy of 
a treatment may be measured by any means known to those skilled in the art 
including tumor imaging or measurement of neoplastic markers. 

By "cardiovascular disease" is meant ischemic heart disease, ventricular 

25 heart failure, cardiac hypertrophy, hypertension, and atherosclerosis. 

ii 
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By "inflammatory disorder" is meant any condition that is characterized by 
inflammation as a primary or secondary symptom. Inflammatory disorders 
include, for example, allergic or autoimmune disorders, anaphylaxis, and septic 
shock. Examples of allergic disorders include allergic rhinitis, asthma, atopic 

5 dermatitis, and food allergies. Examples of autoimmune disorders include, but are 
not limited to, type 1 insulin-dependent diabetes mellitus, inflammatory bowel 
disease, Crohn's disease, ulcerative colitis, dermatitis, meningitis, thrombotic 
thrombocytopenic purpura, Sjogren's syndrome, encephalitis, uveitis, leukocyte 
adhesion deficiency, rheumatoid and other forms of immune arthritis, rheumatic 

10 fever, Reiter's syndrome, psoriatic arthritis, progressive systemic sclerosis, primary 
biliary cirrhosis, pemphigus, pemphigoid, necrotizing vasculitis, myasthenia 
gravis, multiple sclerosis, lupus erythematosus, polymyositis, sarcoidosis, 
granulomatosis, vasculitis, pernicious anemia, CNS inflammatory disorder, 
antigen-antibody complex mediated diseases, autoimmune hemolytic anemia, 

15 Hashimoto's thyroiditis, Graves disease, habitual spontaneous abortions, Reynard's 
syndrome, glomerulonephritis, dermatomyositis, chronic active hepatitis, celiac 
1 disease, autoimmune complications of AIDS, atrophic gastritis, ankylosing 
spondylitis and Addison's disease. 

* 

By "metabolic disorder" is meant a disease that interferes with the normal 
20 metabolic function of cells, tissues or organs. Metabolic disorders include, for 
example, diabetes, obesity, jaundice, polycystic kidney and hepatic disease, 
pancreatitis, Graves' disease, and Werner's syndrome. Metabolic diseases may 
also arise as secondary complications of another disease such as one involving a 
tumor. For example, cachexia or muscle wasting, and metabolic and digestive 
25 complications often arise from the presence of pancreatic, colonic, stomach, 
hepatic and hepatocellular tumors. 
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By "neuropathy" is meant any condition of the central or peripheral nervous 
system characterized by axonal loss that may or may not be accompanied by 
neuronal loss. Neuropathies specifically include conditions affecting sensory and 
motor neurons and include, for example, diabetic neuropathy, muscular dystrophy, 

5 Williams Beuren's Syndrome. 

By "behavioral disorder" is meant any condition affecting motivation, 
emotion, learning, or memory. Behavioral disorders are also meant to broadly 
encompass neurodegenerative diseases. Thus, behavioral disorders include, for 
example, psychosis, schizophrenia, autism, Down's Syndrome, Parkinson's 

10 Disease, Alzheimer's Disease, epilepsy, Cockayne syndrome, bipolar disorders, 
and depression. Also included are addictions including, for example, addictions to 
opiates and barbiturates. 

By "sleep disorder" is meant any condition that primarily affects sleep and 
consciousness. Sleep disorders include, for example, advanced sleep phase 

15 syndrome, delayed sleep phase syndrome, insomnia and narcolepsy. 

By "a therapeutically effective amount" is meant the amount of a compound 
required to treat cancer (i.e., inhibit the growth of the neoplastic cells). The 
effective amount of active compound(s) used to practice the present invention for 
therapeutic treatment of neoplasms (i.e., cancer) varies depending upon the manner 

20 of administration, the age, body weight, and general health of the subject. 

Ultimately, the attending physician or veterinarian will decide the appropriate 
amount and dosage regimen. 



Brief Description of Drawings 

25 FIGURE 1 is a series of photomicrographs showing the differential 

responsiveness of Swiss 3T3 fibroblasts to growth factors. FIGURE 1A shows 
quiescent Swiss 3T3 cells (-) that were treated with EGF (25 ng/ml) or PDGF (20 
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ng/ml) for 20 h and then processed for BrdU incorporation, as described below. 
FIGURE IB shows quiescent Swiss 3T3 cells that were treated with PDGF or EGF 
for the indicated times and ERK1/2 and RSK kinase activities were determined 
using immunecomplex kinase assays. The fold activation at each time is indicated 
5 above each lane. FIGURE 1C is the indirect immunofluorescence detection of 
hyperphosphorylated activated ERK1/2 in Swiss 3T3 cells treated with EGF or 
PDGF. FIGURE ID is the indirect immunofluorescence detection of c-Fos in 
Swiss 3T3 cells treated with EGF or PDGF. 

FIGURE 2A is an illustration showing the residues in c-Fos that are 
10 phosphorylated by RSK and ERK1/2 in vivo. FIGURE 2B shows the 

electrophoretic separation of cell extracts from parallel cultures of 208F fibroblasts 
stably expressing Fos- WT (WT), Fos- AA (AA) or Fos-DD (DD) that were 
metabolically labelled with 35 S-methionine or 32 P-orthophosphate and cultured 
with or without 10% FBS for 15 min, Fos proteins were immunoprecipitated from 
1 5 cell lysates and analysed by SDS-PAGE. The serum-stimulated phosphorylation , 
of Fos-DD was consistently two to threefold greater than Fos-AA and arrows 
indicate the major mobilities observed after stimulation. FIGURE 2C is Western 
blot from NIH 3T3 cells transfected with Fos-WT (WT), Fos-AA (AA) or Fos-DD 
(DD) were serum-starved and then pre-treated with 5 jliM U0126 (-fc) or 0.1% 
20 DMSO (-) for 30 min before treatment with EGF (+) for 5 min. FIGURE 2D is an 
autoradiogram of an in vitro phosphorylation of the indicated (His) 6 -Fos proteins 
by endogenous ERK1/2 from quiescent or EGF-stimulated NIH 3T3 cells. Results 
shown are representative of three independent experiments. Fos-EE 
(S362E/S374E) was used as primed c-Fos for in vitro phosphorylation studies. 
25 FIGURE 3 A is an illustration that details the DEF domain at the C-terminus 

of c-Fos. The phosphorylation of Fos-EE in the absence of peptide competitor is 
expressed as 100%. In vitro phosphorylation of (His) 6 -Fos-EE was performed as 

14 
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described below. The data shown are the means ±SEM from three experiments. 
FIGURE 3B is a graph showing the inhibition of Fos-EE phosphorylation by 
peptides containing a DEF domain (FQFP; SEQ ID NO: 3) or a mutated DEF 
domain (AQAP; SEQ ID NO: 4). FIGURE 3C is a graph showing the inhibition of 

5 Fos-EE phosphorylation by peptides containing the c-Fos DEF domain (FTYP; 
SEQ ID NO: 2) or a mutated DEF (ATYP; SEQ ID NO: 5). FIGURE 3D shows 
the results of a Western blot of NIH 3T3 cells transfected with the indicated 
FLAG-Fos-DD (t>D) alleles were left quiescent (-) or were stimulated (+) with 
EGF for 5 min before lysis. Arrows indicate the major Fos-DD mobilities. 

10 FIGURE 3E is a Western blot of cells transfected with the indicated FLAG-Fos 
alleles. Arrows show the three major Fos-WT mobilities associated with growth 
factor stimulation. 

FIGURE 4 A is an illustration identifying the ERK1/2 phosphorylation sites 
N-terminal to the DEF domain in c-Fos. In vitro phosphorylation of (His) 6 -Fos-EE 

15 proteins by activated (His) 6 -ERKl/2 was performed. The phosphorylation of the 
Fos-EE point mutants is expressed as a percentage of Fos-EE (100%). The data 
shown are the means ±SEM from three experiments. FIGURE 4B is a Western 
blot of NIH 3T3 cells that were transfected with the indicated FLAG-Fos-DD 
(DD) alleles. Cells were treated with EGF for 5 min or left untreated. FIGURE 

20 4C is a Western blot of cells transfected with the indicated FLAG-Fos alleles and 
treated as in Figure 3B. 

FIGURE 5A is an illustration identifying the phospho-Thr 325 peptide used 
to generate the phospho-Thr-325-specific anti-c-Fos antiserum. FIGURE 5B is a 
Western blot of NIH 3T3 cells that were transfected with the indicated c-Fos 

25 alleles or with vector alone. Extracts were prepared from quiescent (-) or EGF- 
stimulated (+) cells and analyzed using either the anti-c-Fos antibody or the 
phospho-Thr 325 antiserum. Results shown are representative of three 
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independent experiments. FIGURE 5C is a Western blot of 4B-Raf-ER NIH 3T3 
cells transfected with Fos-WT or Fos-AA that were either starved and left 
untreated (0) or treated with 1 \iM tamoxifen (TAMX) for the indicated times 
before lysis. The in vivo phosphorylation of Thr 325 in Fos-WT and Fos-AA was 

5 analyzed by western blotting using the phospho-Thr 325-specifi antiserum. 
FIGURES 5D and 5E are Western blots demonstrating the in vivo mitogen- 
regulated phosphorylation of Thr 325 in the context of the Fos DEF domain 
mutants. NIH 3T3 cells expressing the indicated Fos proteins were treated as in 
the same maimer as for FIGURE 3B, and extracts analyzed for phosphorylation of 

10 Thr 325. 

FIGURE 6A is a Western blot of quiescent Swiss 3T3 cells were treated 
with EGF (25 ng/ml) for the indicated times. Lysates were probed for endogenous 
c-Fos, Thr 325 phosphorylation in c-Fos. FIGURE 6B is a Western blot of Swiss 
3T3 cells that were treated with PDGF-BB (20 ng/ml) and processed as in 

15 described for Figure 6A. Results shown are representative of three experiments. 
FIGURE 6C is a Western blot of quiescent Swiss 3T3 cells that were treated with 
PDGF for 60 min and then treated with U0126 (5 jiM), as indicated, or with 
DMSO (lanes 3-8) for the remainder of the experiment. The expression and 
phosphorylation of endogenous c-Fos was visualized as in above. FIGURE 6D is 

20 an autoradiogram showing the kinase activities of endogenous ERK1/2 and RSK 
in cell lysates from Figure 6C. The fold activity is provided above each lane. 

FIGURE 7 A is a bar graph showing the AP-1 transcriptional activity of the 
indicated c-Fos alleles in Hela cells. AP-1 luciferase activity in cells expressing 
Fos-WT is expressed as 100%, and the data shown are from five individual 

25 experiments. FIGURE 7B is a photomicrograph showing the expression of 

endogenous c-Fos in quiescent (-) or serum-stimulated (+) pMV7-infected 208F 
fibroblasts (vector), assayed by immunofluorescence microscopy. To examine the 
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expression of Fos-WT, Fos Y45A or Pos 1325 * 71331 * in G418-resistant 208F fibroblasts, 
cells were serum-starved for 24 h before fixation and processing for 
immunofluorescence microscopy using the anti-Fos antibody. FIGURE 7C is a 
Western blot of c-Fos protein expression in quiescent 208F cells. FIGURE 7D is a 

5 bar graph showing the anchorage-independent growth of G4 1 8-resistant pools of 
208F cells stably expressing pMV7 (vector) or the indicated FLAG-Fos alleles. 
The data are expressed as a percentage of the number of colonies formed by cells 
expressing Fos-WT (100%) and represent the mean ±SEM from six experiments 
performed in duplicate. 

10 FIGURE 8 is a schematic diagram of the molecular interpretation of 

ERK1/2 signal duration. Growth factor stimulation (stimulus) causes activation of 
signaling pathways (signals) that result in rapid transcriptional induction of 
immediate early genes (response). The duration of ERK1/2 signaling is then 
interpreted by immediate early gene products that contain DEF domains (signal 

15 sensors). ERKl/2-docking to the DEF domain results in sensor phosphorylation. 
Docking and phosphorylation alters its biological activity, and this dictates the 
biological outcome. TF, transcription factor. 

FIGURE 9A is a photomicrograph showing the nuclear accumulation of 
active ERK1/2 and c-Fos in growth factor-treated Swiss 3T3 cells. These 

20 photomicrographs are enlargements of the images of Figure 1C in order to 

visualize the cellular distribution of activated ERK1/2 and nucleolar structures. 
FIGURE 9B is a photomicrograph of quiescent Swiss 3T3 cells treated with PDGF 
for 75 minutes followed by the addition of cyclohexamide (+) or vehicle (-). Cells 
were processed for c-Fos immunofluorescence 90, 180 or 300 minutes after PDGF 

25 stimulation. In control experiments (bottom two panels), cells were incubated with 
cyclohexamide or vehicle for 20 minutes prior to treatment with PDGF for 90 
minutes. 
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FIGURE 1 OA is a Western blot of NIH3T3 cells transiently transfected 
with FosWT or FosDD were left quiescent or treated with EGF (50 ng/ml, 5 min) 
prior to lysis. An aliquot from each cell extract was incubated in the presence or 
absence of X protein phosphatase (P'ase) for 30 minutes on ice. Data shown is 
5 representative of three separate experiments. FIGURE 1 0B is a Western blot of 
NIH3T3 cells stably expressing AB-Raf:ER that were transfected with FosWT, 
FosAA or FosDD. Cells were deprived of serum growth factors, pre-treated with 5 
uM U0126 (+) or 0.1% DMSO (-) for 30 minutes prior to treating with tamoxifen 
(TAMX, 1 uM) for 15 minutes prior to cell lysis. FIGURE 10C is a Western blot 

« 

10 showing the phosphorylation of (His) 6 -FosWT, AA or EE or'MBP by Flag-ERK5. 
Active (4-) and inactive ERK5 (-) was obtained by coexpressing Flag-ERK5 and 
HA-MEK5(D) or control vector, respectively, in 293 cells followed by 
itnmunoprecipitation of Flag-ERK5 from cell lysates using the M2 anti-Flag 
monoclonal antibody. Autophosphorylation (auto-P) of ERICS in kinase reactions 

15 is indicated. Together, these data demonstrate that the phosphorylation of primed 
c-Fos is regulated by the Raf/Mek/ERK pathway. 

FIGURE 1 1 is a Western blot of quiescent Rat-1 cells that were treated with 
the indicated concentrations of LP A for various times. The activation kinetics of 
ERK1/2 demonstrates that c-Fos is a sensor for sustained ERK1/2 signaling in Rat- 

20 1 fibroblasts. The data shown is representative of at least three individual 
experiments. 

FIGURE 12 is a series of cell culture plates, fixed and then stained with 
Giemsa to visualize foci. The indicated Fos proteins were stably expressed in 
208F cells and cultured for four weeks in regular culture medium. Identical data 
25 was obtained from five separate experiments. Thus, substituting aspartic acid for 
T235 and T33 1 in c-Fos promotes Fos-mediated transformation. 
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FIGURES 13A-C are a series of Western blots showing the regulation of 
ectopically expressed Fos family proteins (c-Fos, Fra-1, and Fra-2) by the ERK1/2 
pathway in NIH 3T3 cells. Cells were treated with or without EGF (50 ng/mL) for 
5 minutes prior to cell lysis. Where indicated, U0126 (5 mM) was added to cells 
5 30 minutes before adding EGF. EGF treatment in the absence of U0126 activated 
ERK1/2, as demonstrated by the mobility shift to a higher molecular weight. 
ERK1/2 activation resulted in phosphorylation of the target amino acid, T325, of 
c-Fos (Figure 13A). ERK1/2 activation of Fra-1 (Figure 13B) and Fra-2 (Figure 
13C) is also demonstrated by the observed mobility shift. 
10 FIGURE 14A is a sequence alignment of c-Fos, Fra-1, and Fra-2 (SEQ ID 

NO: 25-27, respectively) demonstrating a high degree of sequence identity in the 
C-termini. Fra-1 and Fra-2 have ERK1/2 and RSK priming phosphorylation sites 
in addition to DEF domains. FIGURE 14B is a Western blot of NIH 3T3 cells 
transfected with the indicated constructs and deprived of serum growth factors for 
15 24 hours. These results demonstrate that mutations in the DEF domains of Fra-1 
and Fra-2 inhibit the ERKl/2-mediated mobility shift (compare to Figures 13B and 
13C). 

FIGURE 15A is a Western blot of c-Myc immunoprecipitation from NIH 
3T3 cells transfected with pcDNA3 (vector) or c-Myc and deprived of serum 

20 growth factors. EGF and U0126 were used to treat cells as described in Figure 13. 
FIGURE 1 5B is a Western blot from cells transfected with the indicated c-Myc 
proteins. These results characterize the DEF domain in c-Myc and show that S62 
phosphorylation depends on an intact DEF domain. 

FIGURES 16A-F are Western blots demonstrating the kinetics of 

25 immediate early gene expression in Swiss 3T3 cells. Cells were deprived of serum 
growth factors and treated with EGF (25 ng/mL) or PDGF-BB (20 ng/mL) for the 
indicated times. 
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FIGURES 17A-B are Western blots demonstrating the kinetics of Egr-1, 
JunB, and c-Myc expression in Swiss 3T3 cells. Cells were treated as described in 
Figure 13. Total levels of c-Myc (Figure 17B) were detected by 
immunoprecipitating c-Myc prior to Western analysis. 
5 FIGURES 1 8 A-E are Western blots demonstrating that sustained expression 

of immediate early genes requires ERK1/2 activity. Serum deprived Swiss 3T3 
cells were treated with PDGF-BB for 90 minutes before adding DMSO vehicle 
(0.1%)orUO126(5^iM). 

FIGURE 19A is a Western blot of cells treated with PDGF-BB for either 90 
10 minutes (lanes 2-9) or 120 minutes (lanes 11-13) before adding DMSO vehicle 
(lanes 3-5) or U0126 (lanes 7-9, 12, 13). FIGURE 19B is a Western blot of cells 
treated with PDGF-BB for 5 hours to induce Fra-1 before adding U0126 for a 
further 20 or 30 minutes. These figures demonstrate that ERK1/2 signaling is 
required during Gl for the stabilization of c-Myc. 
15 FIGURE 20 is a series of Western blots from Swiss 3T3 cells treated with 

various concentrations of PDGF-BB before lysis. These results demonstrate that 
IEG products act as sensors for subtle differences in ERK1/2 signal duration. 

FIGURE 21 A is a bar graph of the result from an in vitro kinase assay 
demonstrating ERK 1/2 activation is sensitive to small differences in growth factor 
20 (PDGF) stimulation. FIGURE 2 IB is a Western blot demonstrating that the c-Fos 
stabilization observed in Figure 20 following stimulation with 10 ng/ml PDGF is a 
result of ERK 1/2-dependent phosphorylation of T325. Neither long-term c-Fos 
stabilization (see Figure 20) nor T325 phosphorylation is observed following 4 
ng/ml PDGF stimulation. 
25 FIGURE 22 is a series of Western blots showing Fra-1 

hyperphosphorylation throughout Gl requires ERK1/2 signaling. 
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FIGURE 23 is representative gel and the densitometric quantification of an 
electrophoretic mobility shift assay (EMS A) for AP-1 . Swiss 3T3 cells were 
treated as indicated and extracted in a hypotonic lysis buffer. The nuclear fraction 
was isolated and aliquots mixed with a 32 P-labelled AP-1 oligonucleotide in a 

5 standard EMS A. These results demonstrate that PDGF, but not EGF, treatment 
significantly increases AP-1 expression and AP-1 DNA binding. 

FIGURE 24 is an immunoprecipitation of extracts from 208F cells stably 
expressing c-Myc or c-Myc F196A and treated with cycloheximide (14 mg/mL) 
for the indicated times. Following immunoprecipitation of the c-Myc proteins, 

1 0 total levels of c-Myc were detected using Western analysis. These results 
demonstrate that c-Myc stability requires the DEF domain. 

FIGURE 25 is a series of indirect immunofluorescence photomicrographs 
demonstrating typical results of the screening assays described herein. 
Representative fields of view using a 10X objective lens are shown. 

15 FIGURE 26 is a series of Western blots and accompanying densitometric 

analysis showing the effect of mutating the DEF domain binding site in ERK1/2 
on a RSK (non-DEF domain-dependent) phosphorylation and c-Fos (DEF domain- 
dependent) phosphorylation. The bar graphs represent the raw densitometric 
analysis, unadjusted for ERK1/2 content. 

20 

» 

Detailed Description 

We have discovered that DEF domains are present in numerous proteins 
that are important in a variety of human diseases and, by blocking the interaction 
of a MAP kinase with the DEF domain of a target protein, effective therapy may 
25 be provided. Also provided are screening methods for identifying novel 

therapeutics that inhibit the MAP kinase-DEF domain interaction. This invention 
provides several advantages over known therapies that directly target the MAP 
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kinase signaling cascade. Typically, most compounds that inhibit the MAP kinase 
pathway are non-specific and inhibit more than one enzyme. Also, the targeted 
kinases, if effectively inhibited, are not available to perform normal physiological 
functions necessary for cell survival, resulting in toxicity to healthy as well as 
5 diseased cells. By contrast, the therapeutic methods of the present invention 
inhibit the activation of particular target proteins, leaving the MAP kinases 
enzymatically active and available to phosphorylate other, non-DEF domain- 
containing proteins. Diseased cells (e.g., cancerous cells) are often more 
I susceptible to therapy because of the higher concentration of target protein, 
10 improving the likelihood of success for this approach. 

The principles of the invention are exemplified using the immediate early 
gene, c-Fos, but is not intended to be limiting. c-Fos functions as a molecular 
sensor for the duration of extracellular-signal-regulated kinase 1/2 (ERK1/2) 
signaling. c-Fos is known to be phosphorylated by ERK1/2 and RSK, resulting in 
15 increased stability of the protein. Therefore, the biological function of c-Fos 
differs under conditions where ERK1/2 signaling is sustained, rather than 
transient. Signaling is transduced by ERK1/2 binding to the DEF domain of c-Fos. 
Mutating the DEF domain inhibits c-Fos-mediated signaling and, ultimately, the 
downstream effects of ERK1/2 activation. 
20 Further, Fos, Myc and Jun family proteins are transcription factors encoded 

by immediate early protooncogenes. Family members c-Fos, Fra-1, Fra-2, c-Myc, 
N-Myc, JunD, and JunB are frequently found to be amplified or upregulated in 
human cancers. Sustained ERK1/2 signaling is required for cell proliferation and 
ERK1/2 docking to these proteins occurs only when signaling is sustained. 
25 Docking controls the growth-promoting function of these transcription factors. 
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Accordingly, ERK1/2 docking inhibitors may be clinically useful drugs because 
they will likely to inhibit a specific branch of ERK1/2 signaling and would, 
therefore, be less toxic than general ERK1/2 inhibitors. 

5 Sustained ERK1/2 Activation Correlates With S Phase Entry 

Treatment of quiescent Swiss 3T3 fibroblasts with platelet-derived growth 
factor (PDGF) stimulated S phase entry; whereas, treatment with epidermal growth 
factor (EGF) did not (Figure 1 A). The activation kinetics and amplitude of 
ERK1/2 and RSK, however, were almost identical following a 5-10 minute 

10 exposure to either PDGF or EGF (Figure IB). In both cases, hyperphosphorylated 
(active) ERK1/2 was localized to the nucleus (Figure 1C). In contrast to ERK1/2 
and RSK activation kinetics, rates of inactivation were faster in cells treated with 
EGF compared to PDGF (Figure IB). ERK1/2 signaling remained elevated for at 
least 240 minutes following PDGF exposure, but returned to basal levels within 

15 30-45 minutes following EGF withdrawal (Figure IB). Notably, the sustained 
ERK1/2 activity elicited by PDGF treatment remained localized to the nucleus 
(Figures 1C and 9 A), demonstrating a tight correlation with S phase entry. 
Further, c-Fos protein expression was prolonged in cells treated with PDGF 
compared to those treated with EGF (Figure ID). This indicates that c-Fos 

20 becomes stabilized when ERK1/2 signaling is prolonged, but is unstable when 
ERK1/2 signaling is transient. c-Fos expression was not affected by either the 
addition of cycloheximide to cells 75 minutes after PDGF treatment (Figure 9B) or 
the addition of actinomycin D 20 minutes after PDGF treatment. Thus, the 
differences in c-Fos expression between PDGF- and EGF-treated cells arises from 

25 post-translational control. This conclusion is further supported by studies showing 
that the transcriptional induction of c-fos and other IEGs by various growth factors 
is completed within 30-45 minutes. 
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ERK1/2 and RSK coordinately phosphorylate the extreme C-terminus of c- 
Fos at Ser 374 and Ser 362, respectively (Figure 2A). Mutating these residues to 
aspartate (Fos-DD), which mimics phosphorylation, results in enhanced 
transformation of fibroblasts by comparison to c-Fos having Ser 362 and Ser 374 

5 mutated to alanine (Fos-AA) (OkazakL et al, EMBO J., 14: 5048-5059, 1995; 

Chen etal, Proc. Natl Acad. Set USA, 90: 10952-10956, 1993). Thus, increasing 
the stability of c-Fos is not the only manner in which this transcription factor can 
regulate cellular transformation. Fos-AA appears to be differentially regulated 
compared to Fos-DD. 

10 We have discovered that the addition of serum to fibroblasts results in a 

large, X phosphatase-sensitive electrophoretic mobility shift of Fos-DD, compared 
to Fos-AA (Figures 2B left, and 10A). This effect correlates with increased 
incorporation of P-orthophosphate that was consistently two to threefold greater 
for Fos-DD than Fos-AA (Figure 2B, right). This demonstrates that 

15 phosphorylation of Ser 362 and Ser 374 prime c-Fos for additional growth factor- 
regulated phosphorylation. As Fos-DD has greater transforming potential than 
Fos-AA, the regulation of primed c-Fos is critical for promoting fibroblast 
proliferation. 

20 Phosphorylation of Primed c-Fos is MEK-dependent 

NIH 3T3 cells transfected with different Fos proteins were treated with the 
MEK inhibitor U0126 (Favata et al, J. Biol Chem., 273: 18623-18632, 1998) to 
determine if the mitogen-regulated phosphorylation of Fos-DD is mediated by the 
Raf/MEK/MAPK pathway. U0126 inhibited the growth factor-regulated mobility 
25 shift of Fos-WT and Fos-DD (Figure 2C) and ERK1/2 activation (Figure 2C, 
bottom), indicated that ERK1/2 or downstream signaling molecules regulated 
primed c-Fos. Identical observations were made using NIH 3T3 cells expressing a 
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conditionally active form of B-Raf (AB-Raf-ER) and treating these cells with 
tamoxifen instead of EGF (Figure 10B). To determine whether ERK1/2 could 
phosphorylate primed c-Fos in vitro, we used different hexahistidine-Fos fusion 
proteins as substrates. ERK1/2 efficiently phosphorylated Fos-WT (Figure 2D). 

5 The phosphorylation of Fos-AA and primed c-Fos, Fos-EE (S362E/S374E), by 
ERK1/2 was also easily detected in vitro, but the phosphorylation of Fos-EE 
compared with Fos-AA was consistently greater (Figure 2d). These results 
demonstrate that ERK1/2 can phosphorylate sites in c-Fos other than Ser 374 and 
that this phosphorylation is enhanced after priming of the C terminus. In contrast 

10 to ERK1/2, phosphorylation of c-Fos by ERK5 in vitro, another U0126-sensitive 
proline-directed kinase, was not observed (Figure 10C). 

An ERK1/2 Targeting Motif Promotes the Phosphorylation of Primed Fos 

The preference of ERK1/2 for primed c-Fos (Fos-EE) over Fos-AA 
15 demonstrates that C-terminal phosphorylation exposes additional phosphorylation 
sites and/or a motif that would increase the efficiency of phosphorylation at these 
sites. Examination of the c-Fos sequence identified a site in the C terminus that 
has similarity with the ERK1/2 targeting motif, FXFP (SEQ ID NO: 1), known as 

* 

a DEF domain. la c-Fos, this motif is FTYP (Figure 3 A; SEQ ID NO: 2). 

20 Mutating either Phe 343 or Tyr 345 to alanine dramatically inhibited the 
phosphorylation of primed c-Fos (Fos-EE) by ERK1/2 in vitro (Figure 3 A). 
ERKl/2-regulated phosphorylation of substrates that contain DEF domains can be 
competitively inhibited in vitro with a synthetic peptide encompassing the DEF 
domain found in ELK-1. This peptide (FQFP; SEQ ID NO: 3) inhibited the 

25 phosphorylation of primed c-Fos in a concentration-dependent manner (Figure 
3B). By contrast, a peptide with a mutant DEF domain (AQAP; SEQ ID NO: 4) 
was less efficient in inhibiting ERKl/2-mediated phosphorylation of primed c-Fos. 
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The ELK-1 peptide was then engineered to contain the c-Fos FTYP DEF domain 
(SEQ ID NO: 2). This peptide also inhibited primed c-Fos phosphorylation, but a 
mutant version (ATYP; SEQ ID NO: 5) did not (Figure 3C). In both cases, the 
IC 50 for the FQFP (SEQ ID NO: 3) and FTYP (SEQ ID NO: 2)peptides was 

5 approximately 80 uM. The EGF-stimulated mobility shift of Fos-DD in vivo was 
also inhibited when Phe 343 or Tyr 345 were mutated to alanine (Figure 3D). 
These results demonstrate that the initial phosphorylation of c-Fos by ERK1/2 and 
RSK as the extreme C terminus expose an ERK1/2 docking site that allows 
ERK1/2 to phosphorylate additional sites. 

10 Based on this model, mutation of Phe 343 or Tyr 345 to alanine should 

prevent hyperphosphorylation of Fos-WT and not interfere with the priming 
phosphorylations, which are C-terminal to the DEF domain. Indeed, these 
mutations prevented the appearance of the slowest mobility, but still allowed a 
shift to the intermediate mobility (Figure 3E). This indicates that the DEF domain 

15 is not involved in directing ERK1/2 to prime c-Fos through Ser 374 

phosphorylation. Instead, ERK1/2 docking through the DEF domain results in the 
hyperphosphorylation of primed c-Fos. 

ERK1/2 phosphorylates Thr 325 and Thr 331 in primed c-Fos 

20 There are two proline-directed threonine residues (Thr 325 and Thr 33 1) 

ammo-terminal to the DEF domain in c-Fos (Figure 4A). Mutation of Thr 325 to 
alanine almost completely inhibited the phosphorylation of Fos-EE by ERK1/2 in 
vitro, and the additional mutation of Thr 331 to alanine was required to reduce the 
phosphorylation to background levels (Figure 4A). Thr 325 and Thr 33 1 were also 

25 phosphorylated in primed c-Fos (Fos-DD) in vivo, as evidenced by the complete 
loss of the mobility shift in the T325A/T33 1 A mutant (Figure 4B). Individual 
mutation of Thr 325 or Thr 331 to alanine in the context of Fos-DD only partially 
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inhibited growth factor-regulated phosphorylation. Substituting alanines for Thr 
325 and Thr 331 in the context of Fos-WT prevented the EGF-stimulated to the 
slowest mobility (Figure 4C). However, EGF treatment was associated with the 
appearance of the intermediate mobility form, resulting from priming 

5 phosphorylation of ERK1/2 and RSK. Collectively, these observation demonstrate 
an ordered phosphorylation process whereby the initial phosphorylation of e-Fos at 
Ser 374 and Ser 362 (priming) exposes a DEF domain that mediates the 
hyperphosphorylation of c-Fos at Thr 325 and Thr 33 1 . Further, Ser 374 
phosphorylation is not regulated by docking. This is consistent with the 

10 phosphorylation of amino acids N-terminal, but not C-terminal, to DEF domains. 

A phosphorylation-specific antiserum for Thr 325 in c-Fos (Figure 5A) was 
generated to investigate the mitogen-regulated phosphorylation of this residue in 
primed c-Fos. The antiserum showed little or no reactivity with Fos-WT or Fos- 
DD expressed in quiescent cells (Figure 5B, -EGF). However, after treatment with 

15 EGF, strong reactivity was associated with Fos-WT and Fos-DD, but not with 
Fos 1325 * or Fos-DD 1325 * (Figure 5B, +EGF). Priming of the extreme C terminus 
by ERK1/2 and RSK promotes additional phosphorylation of c-Fos in vivo (Figure 
2B). To determine if this is caused by increased phosphorylation of Thr 325, Fos- 
WT and Fos-AA were expressed to similar levels in the AB-Raf-ER NIH 3T3 cells 

20 that were then treated with tamoxifen for varying times (Figure 5C). The 

phosphorylation of Thr 325 was greater in cells transfected with Fos-WT than 
those transfected with Fos-AA. 

Mutating Phe 343 or Tyr 345 to alanine prevented the hyperphosphorylation 
of primed c-Fos (Figure 3). Specifically, the regulation of Thr 325 

25 phosphorylation in vivo was inhibited when Phe 343 or Tyr 345 were mutated to 
alanine, either in the context of Fos-WT (Figure 5D) or Fos-DD (Figure 5E). 
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In this later experiment, there is a strong correlation between the mobility shift of 
Fos-DD and increased Thr 325 phosphorylation confirming that the DEF domain 
in c-Fos increases the efficiency of Thr 325 phosphorylation in vivo. 

5 The phosphorylation of Thr 325 is differentially regulated by ERKl/2-signal 
duration 

As shown above, the induction kinetics of c-Fos expression 30-45 min after 
addition of PDGF or EGF to Swiss 3T3 cells were identical (Figure ID). This is 
consistent with a model in which an initial activation of ERK1/2 or RSK is 

10 sufficient for induction of c-fos IEG expression. To determine if ERK1/2 signal 
duration differentially regulates the phosphorylation of Thr 325 in endogenous c- 
Fos, we prepared extracts from Swiss 3T3 cells treated with EGF or PDGF for 
different times. Importantly, although c-Fos is present in cells after 45 or 60 min 
of EGF treatment, Thr 325 phosphorylation was not observed (Figure 6 A). This is 

15 consistent with inactivation of ERK1/2 occurring before c-Fos is present (Figure 
6A). By contrast, phosphorylation of Thr 325 increased 45-60 min after addition 
of PDGF (Figure 6B). Maximal Thr 325 phosphorylation persisted for at least 120 
min (Figure 6B), but was still detected after 240 min. In Rat-1 fibroblasts, 
treatment with 100 pM lysophosphatidic acid (LP A) results in sustained ERK1/2 

20 activity and S phase entry, whereas treatment with 0. 1-1 jliM LP A transiently 
activates ERK1/2 and no cell cycle progression occurrs. Although treatment of 
quiescent Rat-1 fibroblasts with mitogenic (100 jliM) and no-mitogenic (0.5 \xM) 
concentrations of LP A resulted in a similar induction of c-fos, phosphorylation of 
Thr 325 only occurred with 100 \iM LP A (Figure 11). These findings correlate 

25 with the generation of transient and sustained ERK1/2 responses by 0.5 \iM and 
100 \xM LP A, respectively (Figure 11). 
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Thus, differential phosphorylation of c-Fos occurs in different cell types and in 
response to agonists that directly activate tyrosine kinase receptors or 
heterotrimeric G protein-coupled receptors. 

To show that the sustained phase of ERK1/2 signaling was required to 
5 mediate the stabilization and hyperphosphorylation of endogenous c-Fos in Swiss 
3T3 cells, ERK1/2 and RSK activity was inhibited by adding U0126 to cells that 
had been treated with PDGF for 60 min (Figure 6D). Under this condition, the 
phosphorylation of Thr 325 was completely inhibited and the electrophoretic 

■ 

mobility of c-Fos increased (Figure 6C). Importantly, these U0126-induced 
10 changes in the biochemical properties of c-Fos also preceded the rapid 

disappearance of c-Fos protein. This result is consistent with hypophosphorylated 
c-Fos being unstable. These observation show that the phosphorylation of c-Fos at 
Thr 325 is tightly correlated with the activation/inactivation kinetics of ERK1/2 in 
different cell types of provide clear evidence that c-Fos can function as sensor for 
1 5 ERK1/2 signal duration. 



The DEF domain and Thr 325/Thr 331 phosphorylation modulates c-Fos 
function 

In Hela cells expressing Fos-WT, AP-1 transcription factor activity was 
20 consistently three to fourfold above background levels (Figure 7A). Mutation of 
Thr 325 and Thr 331 to alanine reduced AP-1 activity by about 20%; whereas, 
mutating the DEF domain (F343A) reduced Fos-WT activity by about 65% (Figure 
7A). These observations indicate that docking of ERK1/2 to c-Fos is important in 
regulating c-Fos transcriptional activity under conditions of growth factor 
25 stimulation. To determine if ERK1/2 docking to c-Fos can contribute to c-Fos 
function independently of the phosphorylation-mediated stabilization, Fos-WT, 
Fos T325AH33iA Qr Fos Y345A ^ a Qgp domain mutant) were stably expressed in 208F 
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fibroblasts. The expression of the different Fos proteins (Figure 7B, bottom six 
panels) was equivalent to the level of endogenous c-Fos in serum-stimulated 
vector-infected cells (Figure 7B, top two panels) and was also localized to the 
nucleus. Western analysis of c-Fos expression in the quiescent cell lines also 

5 showed that they were expressed to similar levels (Figure 7C). The stable 
expression of Fos-WT promoted anchorage-independent growth in soft agar 
(Figure 7D), as expected. Mutating Thr 325 and Thr 331 to alanine significantly 
reduced the growth of 208F cells in soft agar suggesting that phosphorylation of 
these residues promotes cellular transformation (Figure 7D). However, replacing 

10 Thr 325 and Thr 331 with Asp enhanced c-Fos-mediated focus formation (Figure 
12). Further, mutating the c-Fos DEF domain (Fos Y345A ) completely inhibited the 
ability of c-Fos to transform 208F cells; more so than the c-Fos 1325 ^^ 133 ^ mutant 
(Figure 7D). These results demonstrate that ERK1/2 docking to c-Fos contributes 
to transformation through mechanisms in addition to Thr 325/Thr 33 1 

15 phosphorylation and that stabilization of c-Fos is not the only factor that regulates 
c-Fos function, as all proteins were expressed equally. la addition, it also 
demonstrates that ERK1/2 docking to c-Fos regulates biological activity. 



Mutating the DEF domain binding site inhibits target residue 
20 phosphorylation 

In order to confirm the criticality of ERK1/2 docking with the DEF domain 
to phosphorylation of a target residue, the DEF domain binding site in ERK1/2 
was mutated. Six single mutations in ERK1/2 (L198A, Y23 1A, L232A, L235A, 
Y261A, and D3 19N) were expressed in NTH 3T3. Several of these mutations have 
25 been previously described as forming the DEF domain binding site in ERK1/2 
(Lee et al, Molec. Cell, 14: 43-55, 2004). Each ERK1/2 mutant was tagged with 
HA for later detection. EGF-stimulated kinase activity of wildtype and mutant 
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ERK1/2 was measured using RSK, a non-DEF domain-containing target protein, 
and c-Fos, DEF domain-containing target protein, as substrates in a standard 32 P- 
phosphorylation assay. Fos phosphorylation by ERK1/2 mutants with disrupted 
DEF domain binding pockets (L198A, Y231A, L232A, L235A, and Y261A) was 

5 almost completely absent (Figure 26). By contrast, RSK phosphorylation — a event 
that does not require ERK1/2 interaction with a DEF domain — was only 
moderately reduced (Figure 26). 

These results demonstrate that DEF domain binding is required for a target 
residue phosphorylation but that a disruption of the DEF domain inhibition does 

10 not abolish all kinase activity. Thus, the DEF domain binding event is separate 
and distinct frbm the phosphorylation event. Disruption of DEF domain binding 
may be used to selectively inhibit phosphorylation of a target protein, without 
significantly inhibiting the phosphorylation of non-target proteins (i.e., proteins 
that do not contain a DEF domain) by the same kinase. Thus, small molecule 

15 inhibitors and polypeptide inhibitors (e.g., naked DEF domains) which specifically 
inhibit DEF domain binding are useful for selectively inhibiting the 
phosphorylation of target proteins without causing the adverse effects associated 
with complete inhibition of a target kinase (e.g., a MAP kinase). 

20 Mechanism of IEG Activation Through DEF Domain Binding 

The mechanism described here employs an IEG product, typified by c-Fos, 
which functions as a molecular sensor that differentiates between differences in 
ERK1/2 and RSK signal duration, as well as their cytoplasmic/nuclear distribution 
(Figure 8). As observed for a large number of IEGs, the c-fos gene is 

* 

25 transcriptionally induced within minutes of growth factor stimulation and therefore 
occurs with kinetics that are independent of differences in signal duration. Newly 
synthesized c-Fos protein has a half-life of about 30-45 mm but, when 
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phosphorylated by ERK1/2 and RSK, the half-life is extended to at least 2h. Thus, 
when ERK1/2 is rapidly activated (transient signal), c-Fos is present in the 
nucleus, but is not phosphorylated, and is therefore unstable and degraded (Figure 
8). By contrast, delayed inactivation of ERK1/2 (sustained signal) results in the 

5 efficient phosphorylation of c-Fos at its extreme C terminus, resulting in its 
stabilization for several hours. The initial priming phosphorylation in the C- 
terminus exposes a DEF domain that promotes additional ERKl/2-mediated 
phosphorylation events, increasing the efficiency of ERKl/2-regulated 
phosphorylation when ERK1/2 is only sub-maximally active (0.5-4 h after 

1 0 stimulation). Further, when priming and docking are inhibited by point mutation 
(Fos-AA and Fos* 343 * or Fos Y345A , respectively) ERK1/2 and/or RSK signals are 

* 

unable to alter c-Fos function. These non-phosphorylable c-Fos mutants likely 
resemble the hypophosphorylated form of c-Fos that is present when ERK1/2 is 
rapidly inactivated during transient signaling and cells do not enter S phase. 

15 Simply prolonging the half-life of c-Fos will not affect its role in promoting 

transformation. Instead, the combination of protein stabilization and DEF- 
mediated regulation allows c-Fos to function as sensor for ERK1/2. If c-Fos is not 
stabilized during the sustained phase of signaling, ERK1/2 will not target the c-Fos 
DEF domain. Therefore, stabilizing the IEG product is a critical first step if it is to 

20 function as a sensor for sustained ERK1/2 signals. The physiological importance 
of the c-Fos DEF domain is underscored by the fact that mutations in the DEF 
domain significantly reduced AP-1 activity and inhibit the transforming activity 
associated with wild-type c-Fos. However, the effect of mutating the DEF domain 
is stronger than the effect of mutating the phosphorylation sites that are controlled 

25 by this docking site, indicating that the DEF domain can have more than one 
action. An additional function of the DEF domain ERKl/2-mediated trans- 
phosphorylation of AP- 1 complex proteins. 
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We described a general mechanism for cellular sensing of ERK1/2 signal 
strength and timing involving the FTYP (SEQ ID NO: 2) DEF domain present in 
many IEGs. Putative DEF domains are found in additional AP-1 proteins, such as 
Fra-1, Fra-2, Jun-B and JunD (Table 1). The proto-oncogene products c-Myc and 
5 N-Myc also contain putative DEF domains. The IEG product Egr-1 has a DEF 
domain and several putative proline-directed phosphorylation sites N-terminal to 
this domain that could enable Egr-1 to sense sustained signaling in PC 12 cells and 
promote neuronal differentiation. In common with the c-Fos DEF domain, the 

* 

other DEF domains highlighted in Table 1 show subtle deviation form the FXFP 
10 consensus (SEQ ID NO: 1), with respect to the presence of phenylalanine at 
positions 1 and 3 indicating that tyrosine can be tolerated at either site. 



Table 1 . DEF Domains in Immediate Early Gene Products 


IEG 


Amino Acid Sequence 


SEQ 
ID 
NO. 


c-Fos 


3I4 -GPMVTELEPLCIT-VVTCiTSCTTYTSSFVFTYPEEADS 


6 


Fra-1 


2 1 '-GP-VLEPEALHTPTLMT-TPSLTPFTPSLVFTYPSTPEP 


7 


Fra-2 


169 -GGFYGE-EPLHTP-IVVTSTPArrPGTSNLVFTYPSVLEQ 


8 


Fos-B 


283 -HSEVQV-LGDPFPW-SPS-YTSSFVLTCPEVSAF 


9 


JunD 


87 -IlASPDLGLLKLASPELERLnQS-NGLVTTTPTST-QFLYPKV 


10 


JunB 


7 1 -GQGSDTGASLKLASSELERLIWNSNGVrTTTPTPPGQYFYPRG 


11 


c-Jun 


60 -IlvTSPDVGIXKLASPELERLnQSSNGHITTTPTPT-QFLCPKN 


12 


c-Myc 


56 -LPTPPLSPSRRSGLCSPSYV 
181 -LTA-AASECIDPSWFPYPLND 


13 
14 


N-Myc 


77 -AQSPGAGAASPAGRGHGGAAGA 
1 10 -AHPAAECVDPAWFPFPVNK 


15 
16 
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Egr-l 


I84 -QSPPLSCAVPSNDSSPIYSAAPTFPTPNTD 

247 -PMIPDYLFPQQ 


17 
18 


MPerl 


697 -PRGGPQPLPPAPTSVPPAAFPAPLVTPMVALPNYLFPTPSSY 


19 


DEF domains are in bold and number indicate amino acid position. Sequences are from rat 
(c-Fos, Fra-1, and Fra-2), mouse (FosB, JunD, c-Jun, c-Myc, and Egr-l), or human (JunB, 
N-Myc, and mPerl). 



Screening Methods to Identify Inhibitors of DEF Domain Binding 

DEF Domain Binding Assessment using a Phospho-specific Antibody 
We have developed a cell-based assay which is used to screen small 

5 molecule compound libraries (Figure 25). In this assay, rat 208F fibroblasts that 
stably express^ c-Fos are cultured in a 384-well plate and deprived of serum growth 
factors for 24 hours. Cells are then treated with EGF for 15 minutes and fixed 
with 3.7% formaldehyde. Permeabilized fixed cells are incubated with DAPI to 
stain the nuclei and an anti-phospho-ERKl/2 mouse monoclonal antibody and an 

10 anti-phospho-T325 Fos rabbit polyclonal antibody for 2 hours. Anti-mouse 

Alexa594-conjugated IgG and an anti-rabbit FITC-conjugated IgG are added to 
each well and unbound antibody is removed by several washes. The fluorescence 
intensity of both fluorophores in each well can be detected using an automated 
epifluorescence microscope or Autoscope (Universal Imaging Systems, Inc.). A 

15 clear increase in T325 phosphorylation was observed in cells treated with EGF 
(indicating that ERK1/2 docking to Fos has taken place). In the same population 
of cells, the phosphorylation of ERK1/2 also increased, thus indicating its 
activation by EGF. Under these conditions, only background levels of 
fluorescence were detected when both phospho-specific antibodies were omitted, 

* 

20 and the secondary antibodies show no cross-species reactivity. 
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/ 

Inhibition of ERK1/2 docking to the c-Fos DBF domain in vivo could result 
from compounds that (a) are generally toxic, (b) prevent the activation of ERK1/2, 
(c) prevent the growth factor regulated translocation of ERK1/2 into the nucleus 
where c-Fos is localized or (d) directly antagonize ERK1/2 docking to the DEF 

5 domain. The assay we have developed naturally excludes the first three 

possibilities. First, toxicity will be reflected by nuclear integrity as visualized with 
DAPI staining. Second, inhibition of ERK1/2 activation/activity will be apparent 
from the phospho-ERKl/2 fluorescence signal. Third, nuclear translocation of 
ERK1/2 can be verified by manually examining images from wells that show 

10 decreased c-Fos phosphorylation. Therefore, candidate compounds that 

specifically inhibit ERK1/2 binding to the DEF domain are defined as compounds 
that decrease the phosphorylation of T325 in c-Fos but which have no effect on 
ERK1/2 activation or its localization. Although this assay is exemplified using rat 
fibroblasts, it may be performed using any appropriate cell type including, for 

V 

15 example, myoblasts, epithelial cells, and hepatocytes, 

9 

I 

Interaction-Trap Assays 

A standard yeast two-hybrid assay may be used to assess the effect of a test 
compound on the MAP kinase-DEF domain interaction (Mendelsohn and Brent, 

20 Curr. Opin. BiotechnoL 5:482-486, 1994). Typically, a vector encoding a synthetic or 
naturally occurring peptide containing a DEF domain, covalently bound a DNA 
binding domain (e.g., GAL4), is transfected into yeast cells containing a reporter 
gene operably linked to a binding site for the DNA binding domain. Further, a 
vector encoding either the native MAP kinase of interest, or a synthetic fragment 

25 containing the sequence that interacts with the target DEF domain, covalently 
bound to a transcriptional activator (e.g., GalAD) is also transfected. 
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The effectiveness of a test compound is then assessed by growing the yeast in the 
presence of the compound and measuring the level of reporter gene expression. 

GST Pulldown Assays 

5 The interaction of a MAP kinase with a DEF domain may be examined 

using a GST-fusion protein binding study. A vector encoding a naturally- 
occurring or synthetic polypeptide containing the DEF domain of interest is fused 
to GST and expressed in a host cell (e.g., E. coli or Saccharomyces spp. ). The 
GST fusion protein is then contacted with a MAP kinase in the presence and 

10 absence of a test compound. The MAP kinase may be naturally expressed by the 
host cell or may be expressed from a second vector inserted into the host cell. 
Following incubation with the test compound, the host cells are lysed and the GST 
fusion proteins are recovered using glutathione-Sepharose (GSH-Seph) beads. 
Typically, the GST fusion proteins are released from the GSH-Seph by boiling and 

15 the proteins visualized by electrophoretic separation on an SDS-PAGE gel. A 

skilled artisan will readily understand that the GST-Pulldown assay described here 
can be readily adapted to a cell-free assay by incubating the purified GST fusion 
protein with a purified recombinant MAP kinase. 

20 Fluorescence Polarization Assay 

A variety of well known cell-free techniques may be used to assess the 
effects of a test compound on the interaction between a MAP kinase and a DEF 
domain-containing target protein. Fluorescence polarization assays are particularly 
useful for this purpose. In this assay, a peptide (about 6-12 amino acids) 

25 containing a DEF domain at its C-terminus and a fluorophore (e.g., fluorescein) 

conjugated to its N-terminus is incubated in the presence and absence of increasing 
amounts of recombinant MAP kinase (e.g., GST-ERK1; 0.01-1 p,M) for 10 
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minutes at room temperature. Aliquots from each reaction are placed in a plate 
black-walled microliter (e.g., 384-well) plate and polarization measured using an 
Analyst plate reader. Increasing concentrations of the MAP kinase causes an 
increase in polarization. Titrating in the "free" DEF domain-containing peptide 

5 (i.e., un-conjugated) inhibits the change in polarization, whereas the mutated DEF 
domain peptide does not. The appearance of low polarization, even in the 
presence of high concentrations of kinase, indicates flexible binding of the DEF 
domain to the kinase and suggests the presence of the propeller effect. Designing 
shorter dye-conjugated DEF domain-containing peptides usually alleviates this 

10 problem. The effect of standard assay variables, including incubation time, 

temperature, pH (7.2-8.5), and buffers, on polarization is readily controlled during 
routine assay optimization. 

V 

This assay is readily adaptable for identifying test compounds that inhibit 
binding of a MAP kinase to a DEF domain. The use of automated liquid handling 

1 5 systems and plate readers makes this assay readily adaptable to a high-throughput 
format for screening large numbers of test compounds. For compound screening, 
the test compound is added to a mixture of the fluorescently labeled DEF domain- 
containing peptide and the target MAP kinase. Compounds that inhibit the 
polarization increase (or cause a decrease in polarization) resulting from increasing 

20 amounts of the MAP kinase are therapeutic candidates. 

Identification of Test Compounds as Potential Therapeutics 
We have identified a variety of DEF domain-containing target proteins that 
have been implicated in a variety of diseases. The particular DEF domain or target 
25 protein may be substituted for c-Fos in any of the exemplary assays described here. 
Further, the lists of target proteins provided are not intended to be limiting. Other 
target proteins are easily identified based on the availability of a DEF domain. 
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Test compounds having antineoplastic activity are those that inhibit binding 
of a MAP kinase (e.g., ERK 1/2) to the DEF domain of any of the proteins of 
Table 1 (except mPerl) or Table 2. Test compounds that are useful for treating 
cardiovascular disorders inhibit MAP kinase binding to the DEF domain of the 

5 proteins identified in Table 3. Test compounds that are useful for treating acute 
and chronic inflammation or inflammatory disorders inhibit MAP kinase binding 
to the DEF domain of the proteins identified in Table 4. Test compounds that are 
useful for treating a variety of metabolic disorders inhibit MAP kinase binding to 
the DEF domain of the proteins identified in Table 5. Test compounds that are 

10 useful for treating a variety of nervous system disorders (e.g., central and 

peripheral neuropathies) and behavioral disorders (e.g., psychosis, schizophrenia, 
autism, Down's Syndrome, Parkinson's Disease, Alzheimer's Disease, epilepsy, 
Cockayne syndrome, depression, and opiate addiction) inhibit MAP kinase binding 
to the DEF domain of the proteins identified in Table 6. Test compounds useful 

15 for treating sleep disorders inhibit MAP kinase binding to the DEF domain of the 
Per proteins (Table 1: mPer; Table 7). Other potentially useful therapeutics 
inhibit MAP kinase binding to the DEF domain of the PKA- anchoring proteins 
(AKAPs) (Table 7). In each of Tables 2-7, the alpha-numeric Accession Codes 
refer to the SWISS-PROT accession numbers. The numeric Accession Codes refer 

20 to the GENPEPT accession numbers. In each case, the DEF domain is 
underscored. 

Administration of a DEF Domain Inhibitors or Candidate Compounds for the 
Treatment of Disease 1 

25 As described above, ERK1/2 activate several IEG products through an 

interaction with the DEF domain and a subsequent phosphorylation event. It is 
also well known that activation of certain IEGs, and the proteins identified in 
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Table 2, cause cellular proliferation and may cause tumor promotion and 
progression. Accordingly, this invention also provides methods and compositions 
for antineoplastic (i.e., cancer) therapy by administering DEF domain inhibitors. 
Likewise, therapy for cardiovascular disorders, inflammatory disorders, metabolic 
5 disorders, neuropathies and behavioral disorders, and sleep disorders may be 

provided by inhibiting MAP kinase binding to the DEF domain of one or more of 
the proteins identified in Table 3, 4, 5, 6, and 7, respectively. Useful DEF domain 
inhibitors include compounds that bind to the DEF domain of target proteins and 
prevent the binding of the target kinases. Also, DEF domain inhibitors include ' 
1 0 "bait" proteins that bind activated target kinases but do not cause cellular 
proliferation or tumor promotion and/or progression. 

In addition to candidate compounds identified using the screening methods 
of this invention, DEF domain inhibitors can be created by inserting, by artifice, a 
DEF domain into a non-target protein. The cellular activation/proliferation 
1 5 pathway described herein is limited by the presence of activated target kinase, not 
by the availability of target proteins. Thus, a DEF domain that is present in a non- 
target protein effectively "baits" the target kinase, reducing its availability to 
phosphorylate the target proteins. DEF domains suitable for therapy have the 
general structure: F/Y — X x — F/Y — X 2 (SEQ ID NO: 28). Desirably, X 2 is 
20 proline. Most desirably, the DEF domain is identical to the DEF domain of the 
target protein to which therapy is directed. For example, Figures 3B and C 
demonstrate that the "naked" DEF domains FQFP (SEQ ID NO: 3) and FTYP 
(SEQ ID NO: 2) are effective inhibitors of target protein phosphorylation. 
Substitution of phenylalanine for alanine in these polypeptides results in 
25 approximately a two-fold reduction in potency. 

i 
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Accordingly, therapy can be provided by administering pharmaceutical 
formulations containing a naked DEF domain. Typically, these polypeptides are 
administered by parenteral injection such as intravenous, intramuscular, or 
subcutaneous injection. These small polypeptides may be administered in any 

5 appropriate formulation including, for example, in a liposomal formulation. The 
polypeptides may also be injected directly into a solid tumor. 

Alternatively, therapy can be achieved by administering a chimeric protein 
consisting of a DEF domain that is engineered into a non-target protein. Typically, 
the chimeric protein will "display" the four amino acid DEF domain on a 

10 hydrophilic face, making it available to bind to the activated target kinase. The 
non-target protein can be chosen based upon the desired pharmacokinetic or 
pharmacodynamic effect and is readily determined by a person of ordinary skill. 
For example, a DEF domain inhibitor sequence may be engineered into a serum 
protein such as albumin or ceruloplasmin in order to prolong the plasma half life. 

1 5 Alternatively, the DEF domain may be engineered into a protein that promotes 
uptake into a particular cell type. 

Pharmaceutical Formulations 

The peptide agents and candidate compounds of the invention can be 
20 administered to a subject, e.g., a human, directly or in combination with any 
pharmaceutically acceptable carrier or salt known in the art Pharmaceutically 
acceptable salts may include non-toxic acid addition salts or metal complexes that 
are commonly used in the pharmaceutical industry. Examples of acid addition salts 
include organic acids such as acetic, lactic, pamoic, maleic, citric, malic, ascorbic, 
25 succinic, benzoic, palmitic, suberic, salicylic, tartaric, methanesulfonic, 

toluenesulfonic, or trifluoroacetic acids or the like; polymeric acids such as tannic 
acid, carboxymethyl cellulose, or the like; and inorganic acids such as hydrochloric 
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acid, hydrobromic acid, sulfuric acid phosphoric acid, or the like. Metal 
complexes include zinc, iron, and the like. One exemplary pharmaceutically 
acceptable carrier is physiological saline. Other physiologically acceptable carriers 
and their formulations are known to one skilled in the art and described, for 

5 example, in Remington's Pharmaceutical Sciences, (19th edition), ed. A. Gennaro, 
1995, Mack Publishing Company, Easton, PA. 

Pharmaceutical formulations of a therapeutically effective amount of a 
peptide agent or candidate compound of the invention, or pharmaceutically 
acceptable salt-thereof, can be administered orally, parenterally (e.g. 

10 intramuscular, intraperitoneal, intravenous, or subcutaneous injection), or by 
intrathecal or intracerebroventricular injection in an admixture with a 
pharmaceutically acceptable carrier adapted for the route of administration. 

Methods well known in the art for making formulations are found, for 
example, in Remington's Pharmaceutical Sciences (19th edition), ed. A. Gennaro, 

15 1995, Mack Publishing Company, Easton, PA. Compositions intended for oral use 
may be prepared in solid or liquid forms according to any method known to the art 
for the manufacture of pharmaceutical compositions. The compositions may 
optionally contain sweetening, flavoring, coloring, perfuming, and/or preserving 
agents in order to provide a more palatable preparation. Solid dosage forms for 

20 oral administration include capsules, tablets, pills, powders, and granules. In such 
solid forms, the active compound is admixed with at least one inert 
pharmaceutically acceptable carrier or excipient. These may include, for example, 
inert diluents, such as calcium carbonate, sodium carbonate, lactose, sucrose, 
starch, calcium phosphate, sodium phosphate, or kaolin. Binding agents, buffering 

25 agents, and/or lubricating agents (e.g., magnesium stearate) may also be used. 
Tablets and pills can additionally be prepared with enteric coatings. 
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Liquid dosage forms for oral administration include pharmaceutically 
acceptable emulsions, solutions, suspensions, syrups, and soft gelatin capsules. 
These forms contain inert diluents commonly used in the art, such as water or an 
oil medium. Besides such inert diluents, compositions can also include adjuvants, 

5 such as wetting agents, emulsifying agents, and suspending agents. 

Formulations for parenteral administration (i.e., intravenous, intramuscular, 
and subcutaneous injection) include sterile aqueous or non-aqueous solutibns, 
suspensions, or emulsions. Examples of suitable vehicles include propylene 
glycol, polyethylene glycol, vegetable oils, gelatin, hydrogenated naphalenes, and 

10 injectable organic esters, such as ethyl oleate. Such formulations may also contain 
adjuvants, such as preserving, wetting, emulsifying, and dispersing agents. 
Biocompatible, biodegradable lactide polymer, lactide/glycolide copolymer, or 
polyoxyethylene-polyoxypropylene copolymers may be used to control the release 
of the compounds. Other potentially useful parenteral delivery systems for the 

15 proteins of the invention include ethylene- vinyl acetate copolymer particles, 
osmotic pumps, implantable infusion systems, and liposomes. 

Liquid formulations can be sterilized by, for example, filtration through a 
bacteria-retaining filter, by incorporating sterilizing agents into the compositions, 
or by irradiating or heating the compositions. Alternatively, they can also be 

20 manufactured in the form of sterile, solid compositions which can be dissolved in 
sterile water or some other sterile injectable medium immediately before use. 

The amount of active ingredient in the compositions of the invention can be 
varied. One skilled in the art will appreciate that the exact individual dosages may 
be adjusted somewhat depending upon a variety of factors, including the protein 

25 being administered, the time of administration, the route of administration, the 
nature of the formulation, the rate of excretion, the nature of the subject's 
conditions, and the age, weight, health, and gender of the patient. Generally, 
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dosage levels of between 0.1 ^g/kg to 100 mg/kg of body weight are administered 
daily as a single dose or divided into multiple doses. Desirably, the general dosage 
range is between 250 jig/kg to 5.0 mg/kg of body weight per day. Wide variations 
in the needed dosage are to be expected in view of the differing efficiencies of the 
5 various routes of administration. For instance, oral administration generally would 
be expected to require higher dosage levels than administration by intravenous 
injection. Variations in these dosage levels can be adjusted using standard 
empirical routines for optimization, which are well known in the art. In general, 
the precise therapeutically effective dosage will be determined by the attending 
10 physician in consideration of the above identified factors. 

The protein or candidate compound of the invention can be administered in 
a sustained release composition, such as those described in, for example, U.S. 
Patent No. 5,672,659 and U.S. Patent No. 5,595,760. The use of immediate or 
sustained release compositions depends on the type of condition being treated and 
15 the desired pharmacokinetic profile. For preventive or long-term treatments, a 
sustained released composition may be preferred. 

The protein or candidate compound of the present invention can be 
prepared in any suitable manner. The protein or candidate compound can be 
isolated from naturally occurring sources, recombinantly produced, or produced 
20 synthetically, or produced by a combination of these methods. The synthesis of 
short peptides is well known in the art. See e.g. Stewart et al., Solid Phase Peptide 
Synthesis (Pierce Chemical Co., 2d ed., 1984). 

25 



* 
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Methods 

Cell Culture 

NIH 3T3 fibroblasts were transfected with Lipofectamine (Invitrogen, 
Carlsbad, CA) and then cultured for 18 h in DMEM/10% calf serum. Swiss 3T3 

5 fibroblasts expressing a conditionally active form of B-Raf, were cultured in 

DMEM containing 10% fetal bovine serum (FBS). Before stimulation, cells were 
cultured in DMEM containing 20 mM HEPES (starving medium) for 24 h (NIH 
3T3 or 208F) or 48 h (Swiss 3T3). Rat-1 fibroblasts were cultured for 48 h, 
washed with starving medium and culture for an additional 24 h in starving 

10 medium. For AP-1 assays, Hela cells were transfected with Lipofectamine for 6 h 
and then cultured for an additional 16 h before cell lysis and assay of luciferase 
activity (Promega). EGF and PDGF (Invitrogen) were reconstituted in sterile 
water containing 0.1% BSA. LPA (Aventi Polar Lipids, Alabaster, AL) was 
reconstituted in 50% ethanol before sonication for 30 min. 

15 Retroviruses used to infect rat 208F cells were produced as described 

previously (Chen et al, Oncogene, 12:1493-1502, 1996). Neomycin-resistant 
pools of c-Fos-expressing cells were assayed for anchorage-independent growth or 
focus formation. Metabolic labeling with 35 S-methionine or 32 P-orthophosphate 
(performed in parallel) was performed as described by Chen et ah 

20 

Cell lysis and western analysis 

Cell extracts were prepared as described previously (Richards, et ah, Curr. 
Biol, 9: 810-820, 1999). To analyze shifts in c-Fos mobility, samples were 
resolved on a 7.5% SDS-polyacrylamide gel electrophoresis (PAGE) gel, 
25 transferred to nitrocellulose and probed with anti-c-Fos antibody (Update 

Biotechnology Inc., Lake Placid, NY). This antibody is specific for c-Fos and 
does not cross-react with FosB, Fra-1 or Fra-2. For ERK1/2-MAPK western 
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analysis, a polyclonal anti-ERKl/2 antibody to an anti-phospho-p42/p44 MAPK 
monoclonal antibody was used (Sigma, St. Louis, MO). Phosphatase treatment of 
cell extract was performed for 30 min on ice using X protein phosphatase (New 
England Biolabs, Beverly, MA). To generate antiserum specific for 
5 phosphorylated Thr 325 in c-Fos, residues 3 17-329 (VTELEPLCTPVVT) (SEQ 
ID NO: 20) were synthesized (underlined residue is phospho-Thr at position 325), 
conjugated to keyhole limpet haemacyanin and injected into rabbits (Research 
Genetics, Inc., Huntsville, AL). To determine the specificity of the antiserum, 
extracts from cells expressing vector or c-Fos proteins were immobilized on 
10 nitrocellulose and probed with a solution of this anti-serum (1 :3000) for 12 h at 
4 °C. 

Recombinant protein purification 

M15pREP4 cells transformed with pDS56-(His) 6 Fos or pETHisg/ERI^ and 
15 MEK 1 R4F were cultured at 25 C until an OD 600 of 0.7 was attained. Cells were 
then incubated in the presence of ImM isopropyl-P-D-thiogalactoside (IPTG) for 
an additional 12 h at 25 ° C. and then harvested by centrifugation. Pellets were 
resuspended in column buffer (20 mM Tris-HCl at pH 8.0, 200 mM sodium 
chloride, 10% glycerol, and 10 mM imidazole) and cells were lysed by passage 
20 through a French Press. The (His) 6 proteins were purified using Nickel-NTA- 
agarose resin (Qiagen, Alencia, CA), dialyzed in column buffer containing 50% 
glycerol and then stored at -20°C. 
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In vitro kinase reactions 

Phosphorylation of (His) 6 -Fos by ERK1 immunoprecipitated from NIH3T3 
cells, activate (His) 6 -ERK2 (ref. 42) or FLAG-ERK5/BMK1 , was performed in 
kinase buffer containing 10 uCi y^P-ATP at 30 C (Chen et al, Mol. Cell. Biol. 
5 10:3204-3215, 1990). Endogenous ERK1 and RSK kinase activities were 

performed as described previously (Chung et al, Mol. Cell. Biol, 1 1:1868-1871, 
1991). The HPLC-purified synthetic peptides used in the competition kinase 
assays were mixed with (His) 6 -Fos-EE before addition of activated ERK2 and y- 

32 

P-ATP. The peptides derived from ELK-1 were as follows: 
10 RRPRSPAKLSFQFPSFQFP (SEQ ID NO: 21); RRPRSPAKLS AQ APSAQ AP 
(SEQ ID NO: 22); RRPRSPAKLSFTYPSFTYP (SEQ ID NO: 23); 
RRPRSP AKL S ATYP S AT YP (SEQ ID NO: 24). 

Immunofluorescence 

15 Swiss 3T3 cells (1 .35 x 10 5 per 35-mm dish) were cultured on poly-L- 

lysine-coated glass coverslips for 24 h and serum-starved for 48 h. Cyclohexamide 
(14 ug/ml) was delivered in dimethyl sulphoxide. After stimulation with growth 
factors, cells were washed with ice-sold PBS containing 0.1% BSA, fixed with 
3.7% formaldehyde for 10 min at room temperature and permeabilized with 0.2% 

20 Triton-Xl 00 for 5 min. Analysis of c-Fos expression was performed using a rabbit 
anti-human c-Fos antibody (1 :500, Upstate Biotechnology Inc.) under conditions 
described by the manufacturer. Conditions for phospho-p24/p44 MAPK 
immunofluorescence were identical to those used for c-Fos, except that a 
monoclonal phospho-MAPK antibody was used (Sigma). Coverslips were 

25 mounted in Citifluor (Ted Pella Inc. , Redding, C A) and examined under 
epifluorescent iUumination. 
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Bromodeoxyuridine (BrdU) incorporation 

Swiss 3T3 cells were cultured as described for immunofluorescence studies, 
treated with growth factors and 20 ^iM BrdU Labeling Reagent (Amersham Life 
Sceinces Inc., Piscataway, NJ) for 20 h at 37 °C. For immunofluorescence 
5 analysis, a mouse anti-BrdU monoclonal (Amersham Life Sciences Inc.) 
supplemented with DNAase I (Invitrogen) was used. 

Other Embodiments 

10 All publications and patent applications cited in this specification are herein 

incorporated by reference as if each individual publication or patent application 
were specifically and individually indicated to be incorporated by reference. 
Although the foregoing invention has been described in some detail by way of 
illustration and example for purposes of clarity of understanding, it will be readily 

1 5 apparent to those of ordinary skill in the art in light of the teachings of this 

invention that certain changes and modifications may be made thereto without 
departing from the spirit or scope of the appended claims. 

What is claimed is: 

20 
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